The prognostic implication of left ventricular outflow tract velocity time integral (LVOT-VTI) on admission in hospitalized heart failure with preserved ejection fraction (HFpEF) patients has not been determined. We sought to investigate whether LVOT-VTI on admission is associated with worse clinical outcomes in hospitalized patients with HFpEF.
Introduction
Approximately half of heart failure (HF) patients have preserved left ventricular (LV) ejection fraction (LVEF), and this proportion has increased over time. 1 There are few effective treatment strategies for HF with preserved ejection fraction (HFpEF) to reduce mortality, 1-3 although advanced medication and devices have been proven to improve poor clinical outcomes in HF patients with reduced ejection fraction in randomized clinical trials. It has been emphasized that identifying HFpEF phenotypes is useful for selecting phenotype-specific treatment to improve the clinical outcome, because the pathophysiology of HFpEF is very heterogeneous. 4 Several clinical phenotypes of HFpEF, such as obesity, coronary artery disease, right-side HF/pulmonary hypertension, atrial fibrillation, and hypertrophic cardiomyopathy-like HFpEF, have been identified. 5 Recently, a low-flow HFpEF phenotype was identified, which was associated with severity of HF. 6 The left ventricular outflow tract velocity time integral (LVOT-VTI) is a representative and non-invasive echocardiographic parameter for the evaluation of stroke volume. A previous report showed that lower LVOT-VTI could predict mortality in patients with acute or chronic HF. 7, 8 Nevertheless, the prognostic implication of LVOT-VTI on admission in hospitalized patients with HFpEF in relation to long-term outcomes is unclear.
Accordingly, the aim of this study was to investigate whether LVOT-VTI on admission is associated with subsequent adverse events in hospitalized HFpEF patients.
Methods

Study design
Data from the Japanese Heart Failure Syndrome with Preserved Ejection Fraction (JASPER) registry, obtained between November 2012 and March 2015, were analysed. Details of the JASPER registry have been described previously. 9 Briefly, the study is a multicentre, observational, prospective cohort that includes consecutive patients aged ≥20 years requiring hospitalization with a diagnosis of acute decompensated HF according to the Framingham criteria 10 by at least two experienced cardiologists, with preserved LV systolic function defined as LVEF ≥50% by the modified Simpson method or LV fractional shortening ≥25% by echocardiography. Patients with acute coronary syndrome, receiving haemodialysis, or with a history of heart transplantation or severe valvular heart disease were excluded. This study was approved by the institutional review board of each site and registered under the Japanese UMIN Clinical Trials Registration (UMIN000010601).
Study population
From the 535 patients enrolled in the JASPER registry, those without LVOT-VTI accessible data on admission were excluded. Ultimately, 214 patients were examined (Figure 1 ).
Echocardiography measurements
Echocardiographic examination was usually performed within 6 h of admission, and the results were digitally recorded. LVOT-VTI was obtained by placing a pulsed-wave Doppler sample volume in the LVOT immediately proximal to the aortic valve in the anteriorly angulated apical three-chamber or four-chamber view and tracing the outer boundaries of the peak spectral Doppler signal to obtain LVOT-VTI. Proper location in the LVOT was confirmed by visualization of the aortic valve closure signal ( Figure 2 ). For participants in atrial fibrillation, echocardiographic measurements were averaged over 3-5 beats at the time of examination. LVEF was calculated from apical two-chamber and four-chamber views using the biplane method of disks. 11 LV end-diastolic dimension, LV end-systolic dimension, and left atrial dimension were measured. LV interventricular septum diameter and LV posterior wall diameter were measured at end diastole. LV inflow (E) and atrial-systolic peak velocity (A) were measured using pulsed-wave Doppler. Using the apical four-chamber view, e ′ was measured at the interventricular septum. Tricuspid regurgitation pressure gradient was estimated using Doppler echocardiography by calculating the right ventricular to right atrial pressure gradient during systole; the modified Bernoulli equation (P = 4 v 2 ) was used to calculate gradients from the velocities. 12
Clinical outcome
The primary outcome of interest was the composite of allcause death and readmission due to HF.
Statistical analyses
Continuous variables are presented as mean ± standard deviation when normally distributed and as median and interquartile range when non-normally distributed. Comparisons of differences between two groups were made by unpaired t-test or Mann-Whitney U test for continuous variables and by chi-squared test or Fisher's exact test for dichotomous variables, when appropriate. We performed receiver operating characteristic curve analysis to evaluate the discriminatory value of LVOT-VTI for all-cause death and readmission due to HF. The optimal cut-off value was chosen as the value maximizing sensitivity plus specificity. The cumulative incidence of the primary outcome was estimated by Kaplan-Meier analysis, and log-rank test was performed to assess significance according to the LVOT-VTI cut-off value and the different groups of anaemia (anaemia was defined according to the World Health Organization criteria as a haemoglobin level <13.0 g/dL in men and <12.0 g/dL in women) and LVOT-VTI. To evaluate the influence of LVOT-VTI on the primary outcome, we constructed a multivariable Cox proportional hazard model. Adjustment for pre-specified covariates derived from our previous study 9 and renal function (Model 1) and adding haemoglobin level to Model 1 (Model 2) were performed. Multivariable linear regression analysis was performed based on the variables achieving P < 0.10 in univariable linear regression analysis, to explore the strongest independent determinants of LVOT-VTI. All tests were two tailed, and a value of P < 0.05 was considered statistically significant. All analyses were performed with Stata MP64 version 15 (StataCorp, College Station, TX, USA).
Results
The baseline characteristics of the total 214 studied patients are shown in Table 1 . We divided them into two groups according to the optimal cut-off value of LVOT-VTI (15.8 cm) based on receiver operating characteristic analysis. Patients with lower LVOT-VTI (≤15.8 cm) had higher heart rate, prevalence of atrial fibrillation, and haemoglobin level. There were no significant differences between the two groups in terms of age, sex, body mass index, New York Heart Association functional class, prevalence of prior myocardial infarction and coronary artery disease, serum sodium, albumin, blood urea nitrogen, and plasma brain natriuretic peptide (BNP) levels, prevalence of use of medication before admission, and initial treatment. Patients with lower LVOT-VTI had lower LVEF, LV end-diastolic dimension, and tricuspid regurgitation pressure gradient and higher left atrial dimension, whereas there were no significant differences between the two groups regarding LV posterior wall diameter, LV interventricular septum diameter, LV mass index, E/A, E/e′, and inferior vena cava diameter.
The results of univariable and multivariable linear regression analyses to determine LVOT-VTI are presented in Table  2 . Multivariable linear regression analysis revealed that LVEF, LV mass index, heart rate, and haemoglobin level were independent determinants of LVOT-VTI. Among these, haemoglobin level was the strongest determinant.
During a median follow-up period of 688 (interquartile range 162-810) days, adverse events occurred in 83 patients (39%), including 47 (22%) all-cause deaths and 51 (24%) readmissions due to HF. Lower LVOT-VTI was significantly associated with a higher incidence of adverse events compared with higher LVOT-VTI ( Figure 3) . In addition, patients with lower LVOT-VTI and anaemia had the worst clinical outcomes among the groups (Figure 4) . Multivariable Cox regression analyses revealed that lower LVOT-VTI was an independent determinant of adverse events even after adjustment for pre-specified confounders and renal function (Model 1) and addition of haemoglobin level to Model 1 (Model 2) ( Table 3 ).
Discussion
The major finding of the present study was that lower LVOT-VTI on admission was a significant independent determinant of all-cause death and readmission due to HF in patients with decompensated HFpEF. Haemoglobin level was the strongest independent determinant of LVOT-VTI among clinical parameters including LVEF. Notably, HFpEF patients categorized as having lower LVOT-VTI and anaemia had a markedly higher incidence of subsequent adverse events, indicating that patients with an impaired increase in stroke volume in response to anaemia might be a specific phenotype of HFpEF with worse outcomes. Heart failure with preserved ejection fraction presentation is heterogeneous due to environmental factors, co-morbidity, and genetic susceptibility. There are several clinical presentation and predisposition phenotypes, including pulmonary hypertension, atrial fibrillation, skeletal muscle weakness, obesity, atrial hypertension, renal dysfunction, and coronary artery disease. 5, 13 Importantly, a sub-analysis of the RELAX trial demonstrated that 37% of patients were categorized as low-flow HFpEF, defined as stroke volume index ≤35 mL/m 2 estimated by pulsed-wave Doppler technique. 14 In the analysis, low-flow HFpEF was associated with severity of HF represented by higher plasma N terminal pro BNP level and impaired peak oxygen consumption assessed by cardiopulmonary exercise testing 6 ; however, the prognostic implication of low flow in HFpEF patients has not been clarified. Interestingly, our present study showed that lower LVOT-VTI on admission was an independent determinant of the composite of all-cause death and readmission due to HF in hospitalized HFpEF patients, even after adjustment for wellknown strong prognostic factors for acute decompensated HF such as age, systolic blood pressure, serum sodium, albumin, and plasma BNP levels and renal function. Identifying patients with specific HFpEF phenotypes and modifiable treatment targets may be important for developing novel effective therapies to improve clinical outcomes. Despite the Fick or thermodilution method using invasive right heart catheterization being the gold standard for measuring stroke volume, routine use of invasive haemodynamic tests shows little evidence of favourable outcomes because of procedure-related complications, such as bleeding and infection, and high health care cost. 15 Thus, non-invasive assessment of Doppler-estimated stroke volume could overcome these issues. It is noteworthy that LVOT-VTI has several advantages in that it is a non-invasive, simple, rapid, repeatable, and common measurement at the bedside, with low cost compared with invasive haemodynamic monitoring. Previous studies demonstrated a very strong correlation between Doppler-estimated stroke volume and that measured by right heart catheterization. [16] [17] [18] Indeed, stroke volume estimated by pulsed-wave Doppler technique correlated well with that measured by thermodilution (r = 0.83, n = 95). 18 LVOT-VTI is also useful for evaluating haemodynamics and cardiac function in patients with cardiovascular disease. 19 It is often used in current practice to optimize biventricular pacing settings in cardiac resynchronization therapy or calculate aortic valve area using a continuity equation in patients with aortic stenosis. Moreover, lower LVOT-VTI is known to have prognostic value in patients with various cardiovascular diseases. In fact, lower LVOT-VTI was an independent determinant of worse clinical outcomes in patients with stable coronary artery disease, 20,21 acute myocardial infarction, [22] [23] [24] chronic advanced HF, 7 and hospitalized HF. 8 In these studies, LVOT-VTI multiplied by LVOT area simultaneously was not necessary to provide clinically relevant data for stratifying the subsequent risk of adverse events. Our present findings are consistent with these studies and provide additional information regarding the long-term prognostic significance of admission LVOT-VTI in hospitalized patients with HFpEF.
The presence of anaemia is a common co-morbid condition and is independently associated with a significant risk of mortality in patients with HFpEF. 25, 26 Both haemoglobin concentration and cardiac output are known to be major determinants of oxygen delivery to systemic organs. Severe anaemia decreases systemic vascular resistance by reduced inhibition of basal endothelium-derived relaxing factor activity and leads to generalized vasodilatation 27, 28 and increases heart rate and LV contractility to compensate oxygen delivery to systemic organs. 29 In such cases, myocardial oxygen consumption and cardiac energy expenditure are increased, resulting in deterioration of cardiac structure and function. Indeed, a previous study demonstrated that patients with anaemia due to sickle cell disease have a unique form of cardiomyopathy that is characterized by diastolic dysfunction, left atrial dilation, and normal LV systolic function. 30 If cardiac output could not increase in response to anaemia because of longitudinal changes in diastolic LV function, the tissue of systemic organs would become markedly hypoperfused, which would lead to a worse clinical outcome in hospitalized patients with HFpEF. In the present study, patients who had both low LVOT-VTI and anaemia showed the worst clinical outcomes among the groups, suggesting that low-flow HFpEF might be characterized by deterioration of cardiac structure and diastolic function, resulting in impaired cardiac output beyond compensation for hypoxia due to anaemia.
Study limitations
There are several potential limitations of the present study that should be acknowledged. First, the sample size of this study was relatively small, thereby limiting the ability to generalize the findings and the statistical power for detecting differences in negative data. Therefore, a larger-scale study is warranted to confirm the relationship between impaired LVOT-VTI and worse clinical outcomes in hospitalized patients with HFpEF. Second, there was unavoidable selection bias in our study, although variables other than the echocardiographic findings and the rate of adverse events were comparable between the excluded patients and the study population (Supporting Information, Tables S1 and S2). Third, stroke volume determined by the LVOT diameter multiplied by the LVOT-VTI calculation is susceptible to error. Especially, the overestimation of stroke volume could occur with anatomic obstruction in the LVOT such as sigmoid septum or asymmetric ventricular septal hypertrophy. 31 Unfortunately, we had no echocardiographic data about the presence of sigmoid septum and asymmetric ventricular septal hypertrophy. Moreover, in case of using 2D Doppler method, the LVOT shape was assumed to be a perfect circle because the LVOT area was estimated from the LVOT diameter. However, 3D echocardiography, computed tomography, and cardiac magnetic resonance imaging can overcome this issue because these modalities are able to measure LVOT area as elliptical. Thus, the estimation of the LVOT area by the 2D Doppler method may lead to an underestimation of the LVOT area. 32 Unfortunately, we had no data of these new modalities in our registry. Fourth, we had no data about the treatment for anaemia and/or iron deficiency although these factors are known to be key determinants of worse clinical outcomes in hospitalized patients with HF. 33 Finally, we could not demonstrate the tracked changes in LVOT-VTI during hospitalization and the prognostic value of discharge LVOT-VTI in relation to long-term outcomes, because there was a large amount of missing data of LVOT-VTI at the time of discharge [n = 94 (44%)]. Accordingly, a further study that can confirm the relationship between tracked changes in LVOT-VTI from admission to discharge and long-term clinical outcomes in patients with HFpEF is warranted.
Conclusions
Lower admission LVOT-VTI was an independent determinant of worse clinical outcomes in hospitalized patients with HFpEF. Lower LVOT-VTI concomitant with anaemia might strengthen its prognostic significance. Our findings indicated that LVOT-VTI on admission might be useful for categorizing a low-flow HFpEF phenotype and risk stratification in hospitalized patients with HFpEF. Table S1 . Baseline characteristics of study population and patients excluded. Table S2 . Adverse events between study population and patients excluded.
